Results of studies reported here show that adsorption could result in considerable accumulation of hormones on hydrophobic hollow fibre membrane surfaces during filtration of trace-hormone containing feed solutions with a linear adsorption isotherm applicable over the majority of the estrone concentration range examined (2.6 to 154 ng/L). Models based on both diffusion and surface reaction limitation were used to describe the kinetics of estrone adsorption to the membranes tested. Results indicate that the rate of adsorption of estrone to the hollow fibre membranes was limited principally by surface reaction rate rather than the rate of diffusive transport to membrane surface sites. Both adsorption and desorption kinetics were satisfactorily described by pseudo-first order expressions. These results are of environmental significance, especially in drinking water applications, where contaminants such as natural and synthetic hormones may accumulate on the membranes and desorb during backwashing and membrane cleaning.
Introduction
Endocrine disrupting and pharmaceutically active compounds which are excreted by humans and enter the environment via effluent discharge from municipal sewage treatment plants (STPs) may have significant impacts on both biota exposed in the receiving environment and human health (1) (2) (3) . Although field data suggest that modern activated sludge treatment processes could consistently remove most of the synthetic and natural hormones that enter the works (4) , steroid estrogens such as estrone and estradiol still occur at significant concentrations in sewage effluent (4) . These trace compounds, usually present in the range of 1 to 30 ng/L, could exert significant effects on biota exposed in the receiving environment (5). Since estrogens are hydrophobic organic compounds of low volatility, sorption could play an important role in determining the fate of these compounds during the wastewater treatment process. Johnson and Sumpter (4) reviewed removal of endocrine-disrupting chemicals in activated sludge treatment works. They suggested that the principle mechanisms for steroid estrogens removal in the activated sludge process would be sorption and biodegradation. In general, for more hydrophobic compounds such as the synthetic steroid 17α-ethinylestradiol (EE2, logK ow ~ 4.1) (6), sorption to sludge is likely to play a significant role in removal from solution, while for relatively weakly hydrophobic compounds such as estriol (E3), binding to the sludge would be expected to be a less dominant factor. Lai et al. (6) examined the binding of steroid estrogens to river sediment using well-controlled adsorption experiments with the solution spiked to a concentration of 0.1 mg/mL. Their results showed that sorption could be a significant factor in reducing aqueous phase concentrations of these compounds.
Ultrafiltration and microfiltration membranes are being used increasingly widely in water treatment and reuse. Studies have shown that significant concentrations of macromolecules and other organics typical of natural waters and wastewaters could accumulate on the surfaces of such membranes due to adsorption. Mechanisms of protein-membrane interactions and the effects of these interactions on membrane filtration have been investigated by a number of researchers (7-9). Jones and O'Melia (10) recently studied the effects of pH and ionic strength on adsorption of BSA and humic acid to hydrophilic membranes and assessed the factors controlling the rate of adsorption by examination of the ability of diffusion and surface reaction models to describe their data. Their study showed that diffusion of these compounds to the membrane surface is fast compared to the reactions at the membrane surface. Electrostatic interactions were also found to be very important in determining the adsorption rate for the compounds examined.
This study, which is part of a larger project on investigation of hybrid membrane processes for trace hormones removal, was stimulated by preliminary findings that nearly complete removal of estrone from solution ocurred on passage of solutions containing low concentrations of this hormone through hydrophobic microfiltration hollow fibre membranes. Further studies showed that significant amounts of estrone could accumulate on hydrophobic hollow fibre membranes as a result of sorption processes. This phenomenon could exert an important impact on hormone removal and fate in a water treatment system where membranes are used as a process barrier, particularly if the adsorbed species were to be substantially desorbed during the periodic backwash operation and membrane cleaning. In this study, we focus on the characteristics of partitioning of estrone between membrane and solution, adsorption kinetics, and the possible desorption of absorbed estrone from the membranes on lowering feed concentration. The isotherm equilibrium relationship and the rate of adsorption for different initial concentrations have been assessed using batch adsorption experiments. Kinetic models for the adsorption and desorption processes have been developed from both experimental results and theoretical analysis.
incubator shaker (Bioline, Edwards Instrument Company, Australia) under conditions of 250 rpm and 25 0 C. For dead-end filtration, a small bundle of hollow fibre membranes (membrane mass 0.04 gram, filtration area based on inner surface of the fibres: 0.00057 m 2 ) was directly immersed in the test solutions and a peristaltic pump (Masterflex 7518-00, Cole-Parmer Instrument Company) was used to remove the permeate from the fibre lumen. The membrane tested was a hydrophobic polypropylene 0.2 µm US FILTER hollow fibre membrane. The mean outer and inner diameters of the hollow fibre were 0.55 mm and 0.25 mm, respectively. All the membranes tested were wetted by 50% alcohol before experiments.
1mM NaHCO 3 and 20 mM NaCl, which provided buffering to about pH 8, surface water (TOCs: 5.7ppm, pH:7.0) and secondary effluent (TOCs 13.2 ppm, pH 7.2 -7.5) were used as the background solution. Test solutions were prepared by dissolving a certain amount of 3 H-labelled estrone in the background solutions. The radio-labeled estrone (activity: 1.0 mci/mL) was purchased from Sigma Aldrich, Australia. A Packard Instruments liquid scintillation counter which has a detection limit of approximately 0.1 ng/L for estrone was used for analysis of the radiolabeled compounds. The amount of estrone adsorbed to the membrane has been estimated from mass balance according to change in concentration of estrone in the solution.
Results and discussion
Adsorption of estrone on hollow fibre membranes. Figure 1 shows the retention of estrone to the 0.2 µm microfiltration membrane for dead-end filtration of estrone solutions of different concentration (0.3 to 843 ng/L). In these experiments, a fresh membrane was used for each experiment and the retention of estrone to the membranes was assessed by measuring the concentration in the feed and permeate after 15 minutes of filtration with an imposed flux 2.9 x 10 -5 m/s. From this figure we can see that the estrone was almost completely removed on passage of the solutions through the membranes for all the concentrations tested. The adsorption of estrone to the tubing system, module potting head, and glass container used in the experiments was assessed by pumping estrone spiked solution (35 ng/L) through the system without membranes. Examination of the change in estrone concentration of the solution after passing through the system and in the feed concentration after two hours of recirculation indicated that the loss of estrone from the solution was negligible. Since the pore size of the membranes tested was several orders of magnitude larger than the estrone molecules (molecular weight 270 g/mol), this high degree of removal was presumably a result of adsorption rather than membrane sieving. Figure 2 shows the concentrations of the permeate and feed on successive filtration of estrone solutions of different concentrations without changing the membranes during the filtration runs. In the experiments, estrone solutions which had concentrations of 668, 155, 68, 35, 13, 566, 159 ng/L, were successively passed through the 0.2 µm membranes. For each solution the filtration (with an imposed flux 2.9 x 10 -5 m/s) lasted for 30 minutes and the samples for the retention assessment for each solution were taken at 15 minutes after the filtration commenced. When the 668 ng/L solutions first went through the fresh membranes, the concentration decreased from 668 to 37 ng/L, indicating a 95 % estrone removal but after the feed was changed to the 155 ng/L solution the permeate concentration increased from 37 to 84 ng/L representing a decrease in estrone retention from 95% to 46%. During the successive filtrations of estrone solutions of 68, 35, and 13 ng/L, the concentrations in the permeate became higher than those in the feed (Figure 2 ), suggesting that desorption occurred when these solutions passed through the membranes. Although the membranes appeared to become over-saturated for the low concentration solutions (68, 55, 13 ng/L), a positive retention was observed again on successive filtration of the higher concentration solutions (566, 159 ng/L), indicating that the membranes were still not saturated for these high concentration solutions. The experimental results shown in Figure 2 suggest that the adsorption of estrone to the membrane surface is reversible. The positive retention to estrone is indicative of adsorption to the membrane surface, while the negative retention reflects desorption of estrone from the membrane surface. 4 Adsorption isotherm. The relationship between the quantity of solute adsorbed per unit mass of adsorbent and the solution concentration at the equilibrium state (i.e., the isotherm relationship) can be determined by flask adsorption experiments. In this study the flask experiments were carried out by placing a selected amount of hollow fibre membranes into a number of flasks which contained estrone solution of a specific initial concentration. The mixture of the membranes and the estrone solution was then shaken for 24 hours at constant temperature to ensure that adsorption equilibrium was reached.
The relationship between the equilibrium surface concentration (C se , ng/g) and solution concentration (C e , ng/L) for batch estrone adsorption experiments with different initial estrone concentrations (250, 130, 60 and 13 ng/L) and membrane mass from 0.001 to 0.195 gram are shown in Figure 3 . Data fitting showed that over the majority of the range of solution concentrations examined (2.6 to154.2 ng/L), the isotherm equilibrium can be described by the following linear model:
The linear isotherm equilibrium relationship can be considered as the specific form of the Langmuir equation under a condition of C e << C smax , where C smax is the surface saturation concentration or the surface concentration related to complete mono-layer coverage of adsorbate molecules over the adsorbent surface. The specific area of the hollow fibre membrane used can be roughly estimated to be 37.7 m 2 per gram by assuming that the fibre membrane is a cylinder with a thickness of 0.15 mm and has homogeneous round pores of 0.2 µm with an outer surface porosity of 40%. Values of about 0.6-0.84 µg/cm 2 for a monolayer of BSA molecules and 0.1to 0.269 µg/cm 2 for Suwannee humic acid (10) have been reported. If 'packing density' of the mono-layer of the estrone molecules on the membrane surface is comparable to such a level, the maximum surface concentration obtained in our experiments should be far below the saturation surface concentration.
Although the linear model (Eq 1) is applicable over the majority of the concentration range tested, it was found that the values predicted by the linear model deviated from the experimental data in the low concentration range. Figure 4 shows that the initial isotherm relationship gradually approaches the linear model through a proximate curve that is concave up when the equilibrium solution concentration increases from 2.8 to 13 ng/L. The observed initial low affinity of the membrane surface for estrone molecules may reflect their difficulty in initially ejecting water molecules from the surface. Such "initially concave" adsorption isotherms are quite common for adsorption of hydrophobic molecules from a polar solvent to a solid surface for which there is a moderate intermolecular attraction (11).
Batch adsorption kinetics.
Effect of permeate flux flow. Batch adsorption experiments both under defined flux and without flux were carried out to assess the effect of permeate flow on adsorption kinetics. In the batch adsorption studies with flux, permeate was pumped out of the fibre lumen and then returned to the feed flasks. The feed flask was slightly shaken each time prior to sampling to ensure that the sample reflected the average concentration of the solution contained within. For studies without permeate flow, the batch adsorption was carried out in an incubator in which the flask containing 50 mL of estrone solution and 0.037 gram membranes was shaken at about 4 Hz. Figure 5 shows the change in estrone concentration of the solutions with time for adsorption studies with and without flux. For adsorption with shaking, the estrone concentration in the solution rapidly decreased from 30 ng/L to about 9 ng/L in the first one hour, indicating a 70% decrease in the concentration of estrone. After two hours, the rate of adsorption obviously decreased. The residual solution phase concentration of estrone decreased by only 3% from 5 to 24 hours, suggesting an equilibrium state was reached in about 5 hours.
Comparing the kinetic behavior with and without flux, it can be seen that the rate of adsorption with a permeate flow rate of 1.3 x10 -5 m/s was slightly lower than the adsorption rates with both the higher permeate flow rate (4.5 x 10 -5 m/s) and flask shaking. The transportation of estrone to the hollow fibre membrane would be expected to involve bulk solution transport, boundary layer film transport, internal pore transport, and adsorption. Since relatively low permeate flow is expected to favor estrone transport within the pores but is not as effective as shaking in assisting bulk transport, the lower adsorption rate with the permeate flow of 1.3 x10 -5 m/s, at which 26.7 mL of solution passes through the membranes in one hour, could be attributed to bulk transport limitation. For adsorption with shaking, bulk transportation is usually not a limited factor. Given that nearly all of the adsorption capacity was provided by the internal pore surface, the higher adsorption rate with flask shaking suggests that the estrone molecules could be effectively transported to the adsorption site through boundary layer film transport and internal pore diffusion if they can be delivered to the mouths of the membrane pores.
Diffusion limited model. When considering adsorption as a process involving both solution-phase transport and surface processes, the rate of diffusion could limit the rate of adsorption if diffusion is much slower than processes at (or within) the solid surface (10, 12). Based on the one-dimensional diffusion equation and the Smoluchowski boundary condition (which is an assumption that the solute concentration in the interface immediately adjacent to membrane surface is zero), the following expression can be developed to describe the actual flux (J ac ) to the membrane surface (10,12):
J is the solute flux to the surface caused by diffusion (ng/m 2 /min), D is the Stokes diffusion coefficient (dm 2 /min), Γ(t) and Γ e are area based surface concentrations (ng/dm 2 ) at time t and at equilibrium (min), respectively, C 0 is the initial concentration (ng/L), and A is a parameter between 0 and 1. This parameter reflects the extent to which the adsorption is diffusion-controlled (10). When A → 1, the adsorption rate can be considered to be limited by diffusion. The term [1 -Γ (t)/Γ e ] represents the fraction of the total sites which remain available. Since the Smoluchowski condition assumes that no solutes delivered would remain in the liquid/surface interface we have:
Combining equations 2 and 3, a modified diffusion model for adsorption of solutes onto solid surfaces can be developed as shown in equation 4 (10,12): Figure 6 shows the experimental data and kinetic behavior predicted by equation 4 for batch adsorption with shaking. In the simulation, Α was used as a fitting parameter and determined to be in the range 0.0036 to 0.0047 for diffusion coefficients calculated by different correlations (Table1).
Although Figure 6 shows a good match between the experimental data and the kinetic behavior described by the diffusion limitation model, the small value of A (0.0036 to 0.0047 ) implies that the adsorption rate was much lower than the diffusion rate; in other words, processes other than diffusion control the rate of estrone adsorption to the membrane surface under the experimental 6 condition tested. This finding brings into question the fundamental assumption used in the development of the model that the concentration of the adsorbing species remains zero at the solid/liquid boundary (the so-called Smoluchowski condition).
Reversible adsorption model. An alternative approach to analysis of adsorption kinetics is to take account of the possible reversible nature of the adsorption process and to model accordingly. In this event, we may represent uptake of estrone on the membrane as follows:
where E represents estrone in solution, M represents the adsorption sites on the membrane surface, and ME represents the estrone accumulated on the membrane surface. The net rate of disappearance of E from the solution can be described by the second order kinetic expression:
where [M] is the number of the adsorption sites available at time t and equal to C smax -C st . For C smax >> C st , equation 6 can be simplified to a pseudo first-order expression as follows:
where C t (ng/L) is the concentrations of estrone in solution at time t, and k f ' (min -1 ) and 
Combing equations 7 -10, C t can be solved as:
where ϕ = m/V is the ratio of membrane mass to solution volume (g/L).
The equilibrium constant K (L/g) and the back kinetic constant k b in the developed model (equation 11) were determined to be 4.47 (L/g) and 0.0074 (g/L/min), respectively, by minimizing the sum of the squares of the difference between the experimental data collected from batch kinetic experiments with different initial concentration and the corresponding model solution; i.e first-order kinetic model fits the experimental data reasonably well for all four different initial concentrations. This suggests that the adsorption of estrone molecules to the membrane surface could be interpreted by formation of 1:1 surface complexes, the rate of which depends on the estrone solution concentration to a first-order. The model also predicts that the kinetic behavior is a function of membrane mass per unit volume of solution (m/V). The simulation results shown in Figure 8 indicate that the equilibrium concentration decreases with the increase in m/V but, for higher values of m/V, longer times are required to reach the lower equilibrium concentrations.
One contradictory observation with regard to the pseudo first-order model for estrone adsorption to the membrane surface is that the equilibrium constant of 4.47 determined by the kinetic modeling is different from the value of 9.1 determined from the equilibrium adsorption experiments. This apparent discrepancy could result from the different partitioning behavior observed over different concentration ranges. The kinetic studies were undertaken at relatively low initial estrone concentrations where, as noted earlier, the tendency for estrone to adsorb to the membrane appears to be considerably lower than at higher estrone concentrations. Indeed, as shown in Figure 4 , the equilibrium adsorbed estrone concentrations predicted by the equilibrium constant derived in the kinetic studies are reasonably coincident with the actual partitioning data obtained in the equilibrium studies in the lower initial estrone concentration range.
Desorption of estrone from the membranes.
Experiments were carried out to assess the characteristics of desorption of estrone from the hollow fibre membranes. Initially, 0.02 gram hollow fibre membranes were placed in two flasks with 50 mL of estrone solution that had initial concentrations of 57 and 161 ng/L, respectively. After 24 hour adsorption, the mass balance showed that the surface concentrations on the membrane bunches in the low and high concentration solutions were 105 and 290 ng/g, respectively. The membrane bunches with adsorbed estrone were then placed in two flasks with 50 mL NaCl/NaHCO 3 solutions. The flask containing the mixture of the contaminated membrane and the buffer solution was placed into the incubator shaker (25 0 C, 250 rpm). Sampling and analysis at specific time points showed that the estrone concentration in the solutions increased due to desorption of estrone from the contaminated membranes (Figure 9) . A rapid rate of desorption was initially observed but decreased over time with an equilibrium state apparently established after about 180 minutes. About 14 % of the adsorbed estrone was released for initial surface concentrations of both 105 and 290 ng/g when the equilibrium state was established. After attaining equilibrium, the solutions in both flasks were further diluted by 35 mL of the background electrolyte (1 mM NaHCO 3 /20 mM NaCl). The dilution resulted in a further desorption of estrone from the membranes (Figure 9 ). An increase in degree of desorption of 4% for the two solutions was observed before a new equilibrium was established after about 5 hours. These results indicate that the adsorption of estrone to the membranes is reversible and that desorption will naturally occur once the estrone concentration in the solution is lower than the equilibrium concentration.
The first order kinetic equation (equation 9) can also been used to describe desorption of estrone from the membrane surface. For desorption, the mass balance and initial conditions can be written as:
C s0 is the initial surface concentration (ng/g). The following formula can then be developed for the desorption process: The equilibrium constant K' and the back kinetic constant k b ' for desorption were determined to be 10 (L/g) and 0.00167 (g/L/min), respectively, by the least squares method. The simulated desorption behavior is shown in Figure 9 , indicating that the first order kinetic model can also describe the desorption process very well. The difference in kinetic constants between adsorption and desorption implies that the adsorption of estrone to the membrane surface may not be completely reversible. It appears that some estrone molecules are strongly (irreversibly) adsorbed and, as a result, will not readily desorb from the membranes and result in a higher equilibrium partitioning coefficient than may have otherwise been expected.
The results relating to batch adsorption of estrone to the membrane can be used to explain the phenomenon of retention of estrone by microfiltration membranes. Assuming that an equilibrium partitioning of estrone to the membrane can be built up on passage of the solution through the membrane, the concentration of estrone in the permeate will be a function of the amount of estrone accumulated on the membrane surface. When the surface concentration reaches the equilibrium value corresponding to the estrone concentration in the influent, the membrane will no longer adsorb estrone from the influent and retention will cease. When the estrone concentration in the influent is lower than the equilibrium concentration corresponding to the surface concentration, the accumulated estrone will desorb from the membrane to the permeate flowing through the membrane and the retention become negative, resulting in that the concentration of estrone in the permeate becomes higher than that in the influent. These observations are confirmed by the initial filtration data in figure 2. In practice this would occur when the membranes are backwashed by permeate or other aqueous stream used to maximise desorption. Figure 10 shows removal of estrone by adsorption to the membranes from different background solutions after 24 hours of adsorption (flasks shaken at 25 0 C and 250 rpm). It can be seen from these preliminary results that the amount of estrone adsorbed to the membranes from surface waters and secondary effluent is slightly lower than from the buffer solution, suggesting that the extent of estrone adsorption may be reduced by competitive adsorption of other organics. The effect however is relatively minor indicating that, even in the presence of a variety of other adsorbing entities, a significant mass of estrone may still accumulate on the membrane material. 
